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In this article, Fursova et al. uncover the central determinants of Polycombmediated gene repression in ESCs. They demonstrate that deposition of H2AK119ub1 and gene repression is driven by synergy between variant PRC1 complexes with little contribution from canonical PRC1 complexes, which mediate higher-order chromatin structures.
INTRODUCTION
In multicellular organisms, the specification and maintenance of highly defined gene expression patterns is required for tissue organization and normal development. Gene expression is primarily controlled by transcription factors that bind regulatory elements and define RNA polymerase II recruitment and activity at gene promoters. However, in addition to these DNA-encoded mechanisms, it has become clear that the chromatin template on which transcription occurs can profoundly regulate gene expression, particularly during development. This often relies on mobilization of nucleosomes by chromatin remodeling enzymes and post-translational modification of histones to create chromatin states that can potentiate or inhibit transcription (Atlasi and Stunnenberg, 2017; Lai and Pugh, 2017) .
The Polycomb system is an essential chromatin-based regulator of gene expression. The first Polycomb phenotype was identified in Drosophila over 70 years ago (Lewis, 1978; Schuettengruber et al., 2017) , and genetic screens (Gaytá n de Ayala Alonso et al., 2007; J€ urgens, 1985) have identified a multitude of Polycomb group (PcG) genes that can regulate gene expression and development. PcG proteins form large multi-component complexes with histone-modifying activities, suggesting that they function through chromatin-based and possibly epigenetic mechanisms. The best characterized of these complexes are PRC1 (Shao et al., 1999) , which monoubiquitylates histone H2A at lysine 119 (to form H2AK119ub1; Wang et al., 2004a) , and PRC2, which mono-, di-, and tri-methylates histone H3 at lysine 27 (to form H3K27me1, me2, and me3; Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; M€ uller et al., 2002) . Polycomb systems function at gene-regulatory sites, where their activities inhibit the expression of associated genes (reviewed in Blackledge et al., 2015; Di Croce and Helin, 2013; Schuettengruber et al., 2017) .
In mammals, it has been proposed that PcG proteins are initially targeted to promoter-associated gene regulatory elements, called CpG islands, through DNA binding factors and/ or RNA (Blackledge et al., 2015; Farcas et al., 2012; He et al., 2013; Li et al., 2017; Perino et al., 2018; Schuettengruber et al., 2017) . Following this initial recruitment, PRC1 and PRC2 occupancy is stabilized through the placement and subsequent recognition of Polycomb-specific histone modifications. This creates feedback loops that amplify the formation of transcriptionally repressive Polycomb chromatin domains containing PRC1, PRC2, H2AK119ub1, and H3K27me3 Cooper et al., 2016; Margueron et al., 2009; Poux et al., 2001; Rose et al., 2016; Wang et al., 2004b) . Despite a detailed description of the proteins that make up Polycomb repressive complexes (Conway et al., 2018; Gao et al., 2012; Hauri et al., 2016; Kloet et al., 2016; Smits et al., 2013; Tavares et al., 2012) , and some understanding of their molecular interactions on chromatin Wang et al., 2004b) , the central components and mechanisms that define how Polycomb systems regulate gene expression in mammals remain unknown.
Uncovering the determinants of Polycomb-mediated gene repression has proven challenging due to the number and complexity of protein assemblies that comprise PRC1 and PRC2 (Hauri et al., 2016) . This complexity is exemplified by PRC1, which contains one of two interchangeable E3 ubiquitin ligases (RING1A or RING1B) that dimerizes with a PCGF protein to support catalysis. In mammals, six PCGF proteins form an array of biochemically distinct multi-protein PRC1 complexes (Gao et al., 2012; Hauri et al., 2016) . This multiplicity is thought to provide unique targeting modalities and regulatory capacity to PRC1. For example, PRC1 complexes that contain chromobox (CBX) proteins, often referred to as canonical PRC1 complexes, can bind to H3K27me3 to occupy chromatin modified by PRC2. Canonical PRC1 complexes have been proposed to compact chromatin and mediate higher-order chromatin structures, and it has been widely postulated that these activities are a central determinant of PRC1-mediated gene repression Isono et al., 2013; Lau et al., 2017; Wang et al., 2004b) . Conversely, PRC1 complexes that lack CBX proteins but contain RYBP or YAF2 in their place form variant PRC1 complexes (Gao et al., 2012; Morey et al., 2013; Tavares et al., 2012) . Variant PRC1 complexes are the most active H2AK119 ubiquitin ligases in vitro and have also been proposed to contribute to gene repression in more specialized contexts (Blackledge et al., 2015; Gao et al., 2012; Rose et al., 2016; Schuettengruber et al., 2017) . Extensive efforts have been placed on studying the function of individual PcG complexes in vivo, but this has failed to uncover the central determinants of Polycomb-mediated gene repression. Therefore, the logic by which PcG systems function in normal biology and how their perturbation leads to human pathogenesis, such as cancer, remains elusive.
Here, we have exploited systematic combinatorial genome editing and calibrated genomic approaches to discover the determinants of Polycomb-mediated gene repression in mouse embryonic stem cells (ESCs) . We demonstrate that PRC1 is central to gene repression by the Polycomb system, though canonical PRC1 complexes contribute very little to this process. Instead, we discover that variant PRC1 complexes play a fundamental and synergistic role in shaping genomic H2AK119ub1, supporting communication between PRC1 and PRC2 to form Polycomb chromatin domains, and defining gene repression. Together, this reveals a variant PRC1-dependent logic for Polycomb activity and defines the molecular determinants required for Polycomb-mediated gene repression.
RESULTS

Canonical PRC1 Is Not Required for Gene Repression
In mammals, canonical PRC1 complexes assemble around either PCGF2 or PCGF4 and contain CBX proteins, which bind H3K27me3, and polyhomeotic (PHC) proteins that can polymerize ( Figure 1A ; Gao et al., 2012; Hauri et al., 2016; Isono et al., 2013; Kim et al., 2002) . Biochemical studies in vitro have shown that canonical PRC1 complexes can bind, bridge, and compact nucleosomal arrays in a manner that does not require histone tails Grau et al., 2011; Lavigne et al., 2004) . Furthermore, in cells, canonical PRC1 function is linked to the formation of higher-order chromatin interactions, which rely on PHC proteins but appear to occur independently of H2AK119ub1 Eskeland et al., 2010; Francis et al., 2004; Kundu et al., 2017; Lau et al., 2017; Lavigne et al., 2004; Wani et al., 2016) . Therefore, it has been proposed that deposition of H3K27me3 by PRC2 recruits canonical PRC1 to Polycomb target genes in order to compact chromatin and drive Polycomb-dependent transcriptional repression.
In ESCs, canonical PRC1 complexes have previously been studied in constitutive RNAi or gene knockout systems Morey et al., 2015) , in which primary gene expression defects are often masked by secondary changes in transcription and compensatory selection events. To overcome these limitations and define the primary contribution of canonical PRC1 to gene regulation, we developed a conditional ESC deletion system in which PCGF2 removal can be rapidly induced by tamoxifen (OHT) treatment ( Figure 1B ). Although PCGF4 is not expressed in ESCs (Gil et al., 2005) , we also deleted the Pcgf4 gene to mitigate possible compensation. Treatment of Pcgf4
fl/fl ESCs with OHT resulted in a complete loss of PCGF2 protein and major reductions in the levels of CBX7 and PHC1 ( Figure 1C ). In addition, RING1B protein levels were reduced ( Figure 1C ), suggesting that a failure to form functional canonical PRC1 complexes ( Figure S1A ) destabilizes RING1B. These observations are in agreement with a requirement for PCGF2 in canonical PRC1 complex formation and stability (Morey et al., 2015) . We then carried out calibrated nuclear RNA sequencing (cnRNA-seq) and found very few genes with significant expression changes ( Figures 1E and S1B ). In contrast, removal of RING1A/B, the core components of both canonical and variant PRC1 complexes, resulted in derepression of several thousand genes ( Figure 1E ), most of which were classical Polycomb target genes bound by both PRC1 and PRC2 (Figures S1C and S1D). Therefore, canonical PRC1 complexes are not the central determinant of Polycomb-mediated gene repression in ESCs.
Canonical PRC1 Shapes RING1B Occupancy, but Not H2AK119ub1 or PRC2 Activity The maintenance of Polycomb-mediated gene repression following removal of PCGF2/4 prompted us to examine whether Polycomb chromatin domains were also retained. Using calibrated chromatin immunoprecipitation sequencing (cChIP-seq) Hu et al., 2015; Orlando et al., 2014) , we first confirmed that PCGF2 was absent from chromatin following OHT treatment ( Figures 1F, 1G , S1E, and S1G). We then examined the binding of RING1B, a component shared among PRC1 complexes, and CBX7 and PHC1, which are canonical PRC1-specific subunits. This revealed that, following PCGF2/4 removal, there were major and widespread reductions in RING1B and CBX7 occupancy at classical Polycomb chromatin domains ( Figures 1F-1H and S1E-S1I) in agreement with previous knockdown experiments (Morey et al., 2015) . Furthermore, binding of PHC1, which is central to chromatin compaction by canonical PRC1, was lost ( Figures 1F, 1G , S1E, and S1G). Removal of PCGF2/4 caused a major reduction in Figure S1 .
RING1B occupancy, but this did not translate into effects on H2AK119ub1 as quantified by bulk histone western blot analysis and cChIP-seq ( Figures 1D, 1F , 1H, S1F, S1H, and S1I). This agrees with observations that canonical PRC1 complexes are weak E3 ubiquitin ligases in vitro (Gao et al., 2012; Rose et al., 2016; Taherbhoy et al., 2015) and in vivo . We and others have previously proposed that communication between PRC1 and PRC2 at Polycomb chromatin domains relies on the capacity of PRC2 to recognize H2AK119ub1 Cooper et al., 2014 Cooper et al., , 2016 Kalb et al., 2014; Rose et al., 2016) . In support of this idea, binding of SUZ12 (a core component of PRC2) and H3K27me3 remained largely unperturbed following loss of PCGF2/4 ( Figures 1F, 1I , S1F, S1H, and S1I). Therefore, although PCGF2/4 play a central role in defining RING1B occupancy, they are not required for H2AK119ub1 deposition, PRC2 recruitment and activity, or repression of Polycomb target genes.
H2AK119ub1 Is Widespread but Enriched at PRC1-Bound Sites
Removal of PCGF2/4 led to major reductions in PRC1 binding but did not affect Polycomb-mediated gene repression, indicating that the remaining PRC1 or PRC2 activity must be sufficient to inhibit transcription. Previous work has shown that PRC2 removal does not lead to widespread derepression of Polycomb target genes in ESCs (Riising et al., 2014) , suggesting that additional PRC1 activities must be responsible for gene repression. As H2AK119ub1 was unaffected in PCGF2/4-deficient cells, we postulated that this may be related to gene repression. Therefore, we set out to characterize in detail the genomic distribution of H2AK119ub1, as we reasoned that pinpointing which PRC1 complexes shape H2AK119ub1 could provide clues to the determinants of Polycomb-mediated gene repression. To characterize H2AK119ub1 distribution in the genome, we carried out cChIP-seq in Ring1a À/À ; Ring1b fl/fl cells, where all PRC1 complexes and their activity can be removed (Figures 2A, 2B, and S2A) . This revealed two important features of H2AK119ub1. First, as expected, RING1B-bound sites (herein referred to as PRC1-bound sites) were enriched for H2AK119ub1 ( Figures 2C, 2D , and S2B) and H2AK119ub1 scaled with RING1B occupancy ( Figure S2B ). The sites most enriched for RING1B and H2AK119ub1 were associated with promoters of lowly transcribed genes that were also derepressed following RING1A/B removal, whereas sites with low to moderate levels of RING1B and H2AK119ub1 corresponded to promoters of genes that were more expressed and less susceptible to reactivation ( Figure S2C ). Second, we identified low-level yet ubiquitous H2AK119ub1 throughout the genome, indicating that PRC1 must transiently interact and place H2AK119ub1 at sites where it is not effectively captured by ChIP ( Figures 2E, S2A , and S2D). This widespread H2AK119ub1 was evident when we visualized an entire chromosome or focused on genomic regions between sites with punctate high-level enrichment of RING1B and H2AK119ub1 ( Figure 2E ). In agreement with H2AK119ub1 being widespread, we estimated that 10% of H2A is monoubiquitylated ( Figure 2B ), consistent with earlier quantitation (Albright et al., 1979; Matsui et al., 1979) . Together, our new analyses demonstrate that there are two distinct pools of H2AK119ub1: a highly enriched fraction that overlaps with stable RING1B binding and a low-level ubiquitous fraction that blankets the genome.
PCGF1-PRC1 Shapes Polycomb Chromatin Domains and Contributes to Gene Repression
Having identified two distinct pools of H2AK119ub1 in the genome, we wanted to understand how these are deposited and related to gene repression. Given that canonical PRC1 complexes made little or no contribution to H2AK119ub1 and gene repression, we engineered a series of OHT-inducible conditional alleles for the Pcgf genes that exclusively form variant PRC1 complexes (Pcgf1, Pcgf3, Pcgf5, and Pcgf6; Gao et al., 2012; Hauri et al., 2016; Figures 3A and 3B) . We then carried out cChIP-seq for H2AK119ub1 as a simple screen to identify regions of the genome where individual PCGF-PRC1 complexes function. Removal of PCGF1 caused a major and specific reduction of punctate H2AK119ub1 at PRC1-bound sites, in agreement with previous findings that the PCGF1-PRC1 complex is targeted to Polycomb-occupied CpG islands ( Figures 3C, 3D , and S3A-S3C; Farcas et al., 2012; He et al., 2013) . However, similarly to removal of PCGF2, loss of either PCGF3 or PCGF5 had virtually no effect on H2AK119ub1 ( Figures 3C, 3D , and S3A-S3C). Finally, PCGF6 removal caused minor reductions in H2AK119ub1 ( Figures 3C, 3D , and S3A-S3C), with major losses only at a small subset of germ-cell-specific genes, which, as we have previously shown, require PCGF6 for H2AK119ub1 and repression (Figures S3D and S3E; Endoh et al., 2017) .
Given that loss of PCGF1 had the largest effect on H2AK119ub1 at PRC1-bound sites, we next asked whether PCGF1-PRC1 also contributed to PRC2 activity and gene repression at these regions. In agreement with our previous observations that H2AK119ub1 shapes PRC2 activity at PRC1 target sites, removal of PCGF1-PRC1 led to a specific and substantial reduction in H3K27me3 ( Figures 3E, 3F , S3F, and S3G; Blackledge et al., 2014; Rose et al., 2016) . In addition, loss of PCGF1-PRC1 resulted in reactivation of hundreds of genes, most of which were Polycomb targets ( Figures 3G and S3H ), indicating that PCGF1-PRC1 plays an important role in Polycomb-mediated gene repression. However, PCGF1-dependent gene expression changes were considerably less dramatic than following removal of RING1A/B, both in number of derepressed genes and magnitude of derepression (compare Figures 3G, 1E , and S3I). Together, these observations reveal that the PCGF1-PRC1 complex is essential for shaping normal H2AK119ub1 and H3K27me3 at PRC1 target sites but is not sufficient to fully explain Polycomb-dependent gene repression.
Pervasive PCGF3/5-Dependent H2AK119ub1 Is Not Required for Polycomb Target Gene Repression but Is Linked to Xist-Mediated Chromosome Silencing Systematic removal of individual PCGF proteins did not recapitulate the effects of removing RING1A/B, suggesting that individual PRC1 complexes must functionally cooperate to shape genomic H2AK119ub1 and repress transcription. Initially, we reasoned that the most closely related variant PRC1 complexes would likely underpin any potential cooperation. Therefore, using Pcgf3/5 fl/fl ESCs ( Figure 4A ), we focused on PCGF3 and PCGF5, which share high sequence similarity and form nearly identical protein complexes (Gao et al., 2012) . Remarkably, despite H2AK119ub1 being unaffected following removal of PCGF3 or PCGF5 individually, loss of PCGF3/5 in combination resulted in a major reduction in H2AK119ub1 by western blot ( Figure 4B ) and a profound and uniform depletion of H2AK119ub1 throughout the genome by cChIP-seq ( Figures 4C-4E , S4A, and S4B). This demonstrates an unexpected role of PCGF3/5-PRC1 in depositing low-level H2AK119ub1 genome-wide. Nevertheless, despite these global reductions in H2AK119ub1, the punctate enrichment of H2AK119ub1 at PRC1-bound sites was retained following PCGF3/5 removal ( Figures 4C, 4E , S4A, and S4C), as was H3K27me3 enrichment ( Figures S4D-S4F ). More importantly, in the absence of PCGF3/5, very few Polycomb target genes were derepressed ( Figures 4F, S4G , and S4H). Furthermore, we found no evidence for PCGF3/5-dependent activation of gene expression, as has been previously reported (Gao et al., 2014; Yao et al., 2018; Zhao et al., 2017a) . Although PCGF3/5-PRC1 complexes were not required for Polycomb target gene repression, they have recently been shown to support Xist-mediated chromosome silencing and H2AK119ub1 accumulation on the silenced X chromosome as (legend continued on next page) examined by immunofluorescence (Almeida et al., 2017; Pintacuda et al., 2017) . Therefore, we wondered whether pervasive PCGF3/5-dependent H2AK119ub1 might play a specialized and context-dependent role in chromosome-wide gene repression. To examine this possibility, we performed H2AK119ub1 cChIP-seq in an interspecies hybrid ESC line in which Xist expression and gene silencing can be induced on one of two autosomal alleles (Figures 4G and 4H; Pintacuda et al., 2017) . Strikingly, Xist induction resulted in broad accumulation of H2AK119ub1 across the Xist-expressing chromosome with no preference for gene promoters or pre-existing PRC1-bound sites ( Figures 4I, 4J , and S4I-S4L). This was reminiscent of the genome-wide H2AK119ub1 deposition by PCGF3/5-PRC1, albeit elevated in magnitude. Indeed, recent studies have demonstrated that broad H2AK119ub1 acquisition during Xistmediated chromosome silencing relies on PCGF3/5 (Nesterova et al., 2018) and the region of the Xist RNA that recruits PCGF3/5 (Bousard et al., 2018) . Importantly, spreading of H2AK119ub1 across the silenced chromosome scaled with the distance from the Xist integration site and correlated well with gene repression ( Figures 4I and S4M ). Therefore, in contrast to classical Polycomb-dependent gene repression, which is associated with punctate Polycomb chromatin domains at target gene promoters, PCGF3/5-PRC1 and ubiquitous H2AK119ub1 appear to play a context-dependent role in repressing gene expression during Xist-mediated chromosome silencing.
Loss of PCGF1/3/5 Erodes Polycomb Chromatin Domains but Does Not Fully Compromise Gene Repression
Removal of PCGF1 led to a partial derepression of Polycomb target genes and removal of PCGF3/5 had virtually no effect on gene expression. However, as these complexes independently contributed to H2AK119ub1 at PRC1-bound sites, we reasoned that PCGF1/3/5-PRC1 complexes may cooperate to support gene repression. We therefore developed a triple conditional knockout system enabling simultaneous removal of PCGF1/3/5 ( Figure 5A ). Western blot analysis revealed a dramatic loss of H2AK119ub1 following PCGF1/3/5 removal ( Figure 5B ), and cChIP-seq showed dramatic H2AK119ub1 depletion at PRC1-bound sites ( Figures 5C, 5D , and S5A) and throughout the genome ( Figure S5D ). We also observed an extensive erosion of other Polycomb chromatin domain features, including binding of RING1B and SUZ12, and H3K27me3 ( Figures 5C, 5D , and S5A). More importantly, in contrast to the modest effect on repression of Polycomb target genes in PCGF1 or PCGF3/5-deficient cells, removal of PCGF1/3/5 in combination led to reactivation of a large number of genes ( Figure 5E ), most of which were Polycomb targets ( Figure S5F ). However, these widespread gene expression changes still failed to recapitulate the breadth and magnitude of Polycomb target gene derepression observed following RING1A/B removal ( Figure 5F ).
Canonical PRC1 Is Unable to Compensate for Compromised Variant PRC1 Complex Activity
We reasoned that, in the absence of PCGF1/3/5, the remaining repressive capacity of PRC1 must lie within the PCGF2-and/or PCGF6-containing complexes. Initially, we hypothesized that, when the repressive activity of variant PRC1 is compromised, a contribution of canonical PCGF2-PRC1 complexes, which could bind the remaining H3K27me3, may be unmasked. Therefore, we generated a PCGF1/3/5/2 quadruple conditional knockout ESC line ( Figure 5G Figure 5F ). Importantly, PCGF4 did not compensate for PCGF2 loss in these experiments ( Figure S5G ). This further supports our conclusion that canonical PRC1 complexes are unable to drive repression of Polycomb target genes, even when variant PRC1 function is substantially perturbed. Interestingly, 137 PRC1-repressed genes did exhibit an additional increase in expression in PCGF1/3/5/2-deficient compared to PCGF1/3/5-deficient cells ( Figures S5H-S5K ). These genes were associated with very large Polycomb chromatin domains and extremely high RING1B occupancy compared to typical PRC1-repressed genes ( Figure S5J ). Strikingly, promoters of these genes also displayed a further reduction in H2AK119ub1, SUZ12 occupancy, and H3K27me3 when PCGF2 was removed in combination with PCGF1/3/5 ( Figures  S5H and S5K ). This indicates that PCGF2-PRC1 can contribute to H2AK119ub1, PRC1-PRC2 communication, and repression at a specialized group of Polycomb target genes, although this contribution is modest and only evident when variant PRC1 complexes are perturbed. At these sites, we speculate that extremely high occupancy enables PCGF2-PRC1 to partially support Polycomb chromatin domain formation and gene repression, despite the inherently weak E3 ubiquitin ligase activity of this complex (Rose et al., 2016) or that more active RYBPcontaining PCGF2-PRC1 complexes (Gao et al., 2012; Rose et al., 2016) may contribute at these genes.
Variant PRC1 Complexes Synergize to Define PolycombMediated Gene Repression PCGF2-containing complexes were unable to account for the remaining repressive activity of PRC1 in PCGF1/3/5-deficient cells. This was surprising considering that PCGF6, the only remaining PCGF protein expressed in ESCs, has been shown to play a unique role in repressing germline-specific genes (Endoh et al., 2017; Suzuki et al., 2016; Zdzieblo et al., 2014; Zhao et al., 2017b) . Nevertheless, to address the intriguing possibility that PCGF6 may also act more broadly in Polycomb-mediated gene repression, we generated a PCGF1/3/5/6 quadruple conditional knockout ESC line ( Figure 6A ). Strikingly, removal of PCGF6 in addition to PCGF1/3/5 had a dramatic effect on H2AK119ub1 ( Figures 6B-6E , S6A, and S6B), which exceeded the combined contributions of the individual complexes (Figure 3) . Importantly, we observed an almost complete loss of both the residual genome-wide H2AK119ub1 (Figures 6C and S6B) and punctate H2AK119ub1 at PRC1-bound sites ( Figures  6D, 6E , S6A, and S6B). RING1B and SUZ12 occupancy and H3K27me3 were further compromised, indicating additional erosion of Polycomb chromatin domains ( Figures 6E and S6A) .
We did observe 354 PRC1 target gene promoters at which RING1B occupancy was retained ( Figures S6C and S6D ). At these sites, reductions in H2AK119ub1 were less pronounced and SUZ12 and H3K27me3 were largely unaffected ( Figures  S6C and S6D) . Interestingly, like the sites at which PCGF2-PRC1 contributed to repressive Polycomb chromatin domains in the absence of PCGF1/3/5, these were large Polycomb chromatin domains with high levels of RING1B, which were associated with developmental genes ( Figures S6D-S6G and S5J ). This suggests that, at a small group of sites, both PCGF1/3/5/ 6-and PCGF2-containing complexes can shape Polycomb chromatin domains, which makes them more robust to transcriptional perturbation. However, this contrasts the vast majority of Polycomb-occupied sites at which Polycomb chromatin domains are greatly eroded following PCGF1/3/5/6 removal.
Next, we performed cnRNA-seq in the PCGF1/3/5/6 conditional knockout cells, which led to several fundamentally important observations. First, away from classical Polycomb target genes, we observed a widespread but modest increase in gene expression following removal of PCGF1/3/5/6 (Figures 7A, S7B , and S7C). Intriguingly, this effect was not seen in RING1A/Bdeficient cells ( Figures 1E and S1C ), suggesting that, in some instances, variant PRC1-specific PCGF proteins can repress gene expression independently of RING1A/B or that variant PRC1 complexes may counteract a PCGF2-PRC1-dependent activity that supports gene expression. Indeed, there is accumulating evidence that PRC1 may potentiate as well as repress gene expression (Cohen et al., 2018; Creppe et al., 2014; Frangini et al., 2013; Gao et al., 2014; Morey et al., 2015) . Second, and most importantly, removal of PCGF1/3/5/6 resulted in PRC1 target gene reactivation that largely recapitulated that observed in RING1A/ B-deficient cells ( Figures 7A, 1E , and S7A) both in the number of reactivated genes and the magnitude of reactivation ( Figures 7B and 7C ), revealing that variant PRC1 complexes define Polycomb-mediated gene repression. Importantly, both PCGF1/3/5/6-and RING1A/B-deficient cells retained expression of pluripotency factors ( Figure S7D ), suggesting that these gene expression changes were specific to loss of PRC1 activity and not the result of differentiation.
Comparing PRC1 target gene derepression across the complement of our PRC1 perturbation cell lines highlighted the fact that repression relies on synergy between variant PRC1 complexes ( Figures 7B, 7C , S7E, and S7F): loss of PCGF1 caused a moderate reactivation of PRC1 target gene expression, whereas loss of PCGF2 or PCGF3/5 caused little if any derepression. When PCGF1/3/5 were removed together, there was a synergistic increase in gene expression when compared to PCGF1 and PCGF3/5 loss, which was not further potentiated by removal of PCGF2. However, gene reactivation analogous to that in RING1A/B-deficient cells was only achieved when PCGF6 was removed in combination with PCGF1/3/5. Moreover, when we examined the genomic distribution of individual PCGF proteins (and members of their protein complexes), we found that See also Figure S5 .
variant PRC1 complexes broadly engage with promoters of the genes that they regulate ( Figures 7D, 7E , and S7G) and contribute to H2AK119ub1 at these sites ( Figure S7H ). This was especially evident for PCGF1 (KDM2B) and PCGF6 (MGA and L3MBTL2), which showed promoter-specific enrichment at variant PRC1-regulated genes, whereas for PCGF5, this enrichment was less pronounced, in agreement with its role in pervasive H2AK119ub1 deposition. Despite the inherent limitations of comparing ChIP-seq signals derived from different antibodies, these PCGF occupancy profiles are consistent with our combinatorial genetic analysis and support our central conclusion that there is an unexpected and remarkably high level of synergy among variant PRC1 complexes that drives Polycomb chromatin domain formation and gene repression.
DISCUSSION
Using genome engineering and systematic genetic ablation coupled with calibrated genomics, here, we uncover the determinants of Polycomb-mediated gene repression in ESCs. We reveal that canonical PRC1 complexes contribute little to Polycomb target gene repression and H2AK119ub1. Instead, we discover that functionally distinct pools of genomic H2AK119ub1 correspond to defined modes of variant PRC1-dependent gene repression. Importantly, we reveal that synergy between variant PRC1 complexes is central to H2AK119ub1 deposition and Polycomb-mediated gene repression. The nature of the relationship between PRC1, H2AK119ub1, and gene repression in mammals has remained a matter of active debate (Schuettengruber et al., 2017) . This is in large part because the location of H2AK119ub1 in the genome has been poorly defined. Here, we discover that PCGF3/5-PRC1 deposit low-level H2AK119ub1 throughout the genome, consistent with earlier work in Drosophila, which indicated that H2AK119ub1 exists outside of classical Polycomb responsive elements (Kahn et al., 2016; Lee et al., 2015) . However, loss of PCGF3/5-PRC1 does not lead to Polycomb target gene reactivation, suggesting the blanket of H2AK119ub1 may instead See also Figure S6 .
contribute to chromosomal functions that are distinct from gene repression. For example, H2AK119ub1 has been proposed to contribute to DNA replication and repair Ismail et al., 2010; Lee et al., 2014; Uckelmann and Sixma, 2017) , and the broad distribution of this modification may be ideally suited to regulate such processes. However, we also find that the blanket of H2AK119ub1 is specifically elevated during Xist-mediated chromosome silencing. This suggests that the level of pervasive H2AK119ub1 may also define whether it impinges on gene expression. In contrast to the low-level H2AK119ub1 throughout the genome, a pool of more punctate and highly enriched H2AK119ub1 deposited by PCGF1/3/5/6-PRC1 is associated with repression of Polycomb target genes.
There remains an active debate around whether H2AK119ub1 directly contributes to gene repression. Some evidence suggests only a modest contribution (Cohen et al., 2018; Illingworth et al., 2015; Pengelly et al., 2015) , although other studies suggest that H2AK119ub1 is essential for gene repression (Endoh et al., 2012) . Here, we reveal that full derepression of Polycomb target genes is only achieved when all variant PRC1 complexes are (E) Heatmaps of ChIP-seq data for PRC1 factors shown in (D) at promoters of variant PRC1-regulated genes (PCGF1-sensitive genes, n = 582; PCGF1/3/5-sensitive genes, n = 2,657; PCGF1/3/5/6-sensitive genes, n = 5,707) sorted by RING1B occupancy. See also Figure S7 .
removed and H2AK119ub1 is erased, supporting the idea that H2AK119ub1 plays a central role in the process. Moving forward, an important challenge remains to examine in detail the molecular mechanisms by which H2AK119ub1 could contribute to gene repression. This may involve reader proteins that recognize H2AK119ub1 (Cooper et al., 2016; Kalb et al., 2014; Richly et al., 2010; Zhang et al., 2017) , or H2AK119ub1 may directly counteract transcription, as suggested by recent observations using in vitro assays (Aihara et al., 2016) . Our functional interrogation of PRC1 activity indicates that synergy between variant PRC1 complexes is central to Polycombmediated gene repression. This was somewhat surprising given that previous studies of exogenously expressed epitope-tagged PRC1 proteins in human cells concluded that PCGF proteins occupy mutually exclusive regions of the genome, leading to the hypothesis that they had distinct roles in gene regulation (Gao et al., 2012) . In contrast to these findings, our profiling of endogenous PCGF proteins indicates that variant PRC1 complexes largely co-occupy target sites, where they collaborate in depositing H2AK119ub1 and repressing Polycomb target genes. This suggests that, although biochemically distinct variant PRC1 complexes may have evolved unique targeting activities, which allow them to function at defined sites in the genome, for example, PCGF6-PRC1 at germline-specific genes (Endoh et al., 2017) , they also retain a shared capacity to engage broadly with Polycomb target sites and deposit H2AK119ub1. Retaining this primordial function would provide the Polycomb repressive system with the versatility to accommodate new functional specialization via expansion during evolution, while at the same time enhancing the robustness of transcriptional repression at classical Polycomb target sites. This may be particularly relevant during early mammalian development, where the precise control of gene expression is paramount.
Canonical PRC1 complexes, which are recruited to chromatin via recognition of PRC2-dependent H3K27me3, have been proposed to elicit Polycomb-mediated gene repression (Schuettengruber et al., 2017; Simon and Kingston, 2013) . Nevertheless, here, we find that conditional removal of canonical PRC1 complexes has a very minor effect on gene expression. This observation is consistent with previous reports that PRC2 loss has little effect on Polycomb target gene repression in ESCs (Riising et al., 2014) . This raises an interesting question: why are canonical PRC1 complexes recruited to sites where variant PRC1 complexes predominate in gene repression? One explanation may be that canonical PRC1 complexes can mediate long-range interactions between Polycomb repressed genes Bonev et al., 2017; Eagen et al., 2017; Isono et al., 2013; Kundu et al., 2017; Ogiyama et al., 2018; Saurin et al., 1998; Schoenfelder et al., 2015; Vieux-Rochas et al., 2015; Wani et al., 2016 ) that we speculate could reinforce the fidelity of variant PRC1-dependent gene repression, as previously suggested (Ogiyama et al., 2018) . Efficient maintenance of repression would be beneficial during cellular differentiation or in development, where Polycomb systems must constrain transcriptional activation signals that vary in nature and magnitude. In agreement with these ideas, canonical PRC1 has been implicated in these processes (Cohen et al., 2018; Isono et al., 2013; Kloet et al., 2016; Kundu et al., 2017; Morey et al., 2015) . Further support that canonical PRC1 complexes do not define Polycomb-mediated gene repression but instead may contribute to fidelity comes from the phenotype of mouse models, in which canonical PRC1 components are mutated or removed and display only mild or delayed defects in embryonic development Coré et al., 1997; Forzati et al., 2012; Isono et al., 2005; Lau et al., 2017) . In contrast, removal of variant PRC1 components leads to early embryonic lethality (Almeida et al., 2017; Blackledge et al., 2014; Endoh et al., 2017; Pirity et al., 2005; Washkowitz et al., 2015) , presumably due to severe defects in developmental gene regulation.
An important conclusion from our discoveries is that variant PRC1 complexes, as opposed to canonical PRC1 complexes, define Polycomb-mediated gene repression in ESCs. This fundamental new distinction now paves the way to identify the detailed molecular mechanisms that govern Polycomb target site selection and repression by variant PRC1 complexes. Toward this goal, we and others have identified DNA binding domains in variant PRC1 complexes that appear to dynamically sample mammalian Polycomb responsive elements (Endoh et al., 2017; Farcas et al., 2012; He et al., 2013) . We envisage that this could allow PRC1 to identify lowly transcribed or silent Polycomb target genes, at which to deposit H2AK119ub1 and elicit gene repression. Once deposited, H2AK119ub1 appears to stabilize the occupancy of PRC2 Cooper et al., 2014 Cooper et al., , 2016 Kalb et al., 2014) , which has also recently been shown to sample Polycomb responsive elements in ESCs (Li et al., 2017; Perino et al., 2018) , resulting in the deposition of H3K27me3. This would support the recruitment of canonical PRC1 to sustain the fidelity of variant PRC1-dependent gene repression. Exploring these proposed models, discovering how H2AK119ub1 is mechanistically linked to gene repression, and understanding how widely these principles apply in other cellular contexts is now an important challenge for future work.
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Ring1a
À/À ;Ring1b fl/fl ESCs used in this study were derived from E14 mouse ESCs. Exons 1-3 of Ring1a were first deleted using two Cas9 guides flanking the deletion region, and in parallel CreERT2 was inserted into the Rosa26 locus using a Rosa26-specific Cas9 guide. Ring1a
;CreERT2 ESCs were then subjected to two rounds of genome editing to sequentially insert LoxP sites flanking the first coding exon of Ring1b. Ring1a À/À ;Ring1b fl/fl ESCs were validated by RT-qPCR and western blot to confirm constitutive deletion of RING1A and conditional RING1B removal in response to OHT treatment.
Calibrated ChIP-sequencing (cChIP-seq) For RING1B, SUZ12, PCGF1, PCGF2, CBX7 and PHC1 cChIP-seq, 5 3 10^7 mouse ESCs (both untreated and following 72 hours OHT treatment) were mixed with 2 3 10^6 human HEK293T cells. Cells were resuspended in 10 mL phosphate buffered saline (PBS) and crosslinked at 25 C first with 2 mM DSG (Thermo Scientific) for 45 mins, and then with 1% formaldehyde (methanol-free, Thermo Scientific) for a further 15 minutes. Reactions were quenched by the addition of 125 mM glycine. Crosslinked cells were incubated in lysis buffer (50 mM HEPES pH 7.9, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP40, 0.25% Triton X-100) for 10 min at 4 C. The released nuclei were then washed (10 mM Tris-HCl pH 8, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA) for 5 min at 4 C. Chromatin was then resuspended in 1 mL of sonication buffer (10 mM Tris-HCl pH 8, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na deoxycholate, 0.5% N-lauroylsarcosine) and sonicated for 30 min using a BioRuptor Pico sonicator (Diagenode), shearing genomic DNA to an average size of approximately 0.5 kb. Following sonication, Triton X-100 was added to a final concentration of 1%.
For ChIP, sonicated chromatin was diluted 10-fold in ChIP dilution buffer (1% Triton X-100, 1 mM EDTA, 20 mM Tris-HCl pH 8, 150 mM NaCl) and pre-cleared for 1 hour using Protein A agarose beads (Repligen) blocked with 1 mg/ml BSA and 1 mg/ml yeast tRNA. For each ChIP reaction, 1ml of diluted and pre-cleared chromatin was incubated overnight with the appropriate antibody, anti-RING1B (CST, D22F2, 3 ul), anti-SUZ12 (CST, D39F6, 3 ul), anti-PCGF1 (in-house, 3 ul), anti-PCGF2 (Santa Cruz, sc-10744, 3 ul), anti-CBX7 (Abcam, ab21873, 4 ul), anti-PHC1 (CST, 1F3F3, 6 ul). Antibody-bound chromatin was captured using blocked protein A agarose for 2 hours at 4 C and collected by centrifugation. ChIP washes were performed as described previously (Farcas et al., 2012) . ChIP DNA was eluted in elution buffer (1% SDS, 0.1 M NaHCO3) and cross-links were reversed overnight at 65 C with 200 mM NaCl and 2 mL of RNase A (Sigma). A matched input sample (corresponding to 10% of original ChIP reaction) was identically treated. The following day, ChIP samples and Inputs were incubated with Proteinase K (Sigma) for 1.5 hours at 56 C and purified using ChIP DNA Clean and Concentrator Kit (Zymo Research).
cChIP-seq libraries for both ChIP and Input samples were prepared using NEBNext Ultra DNA Library Prep Kit for Illumina, following manufacturer's guidelines. Samples were indexed using NEBNext Multiplex Oligos. The average size and concentration of all libraries was analyzed using the 2100 Bioanalyzer High Sensitivity DNA Kit (Agilent) followed by qPCR using SensiMix SYBR (Bioline, UK) and KAPA Illumina DNA standards (Roche). Libraries were sequenced as 40 bp paired-end reads on Illumina NextSeq 500 platform in biological triplicate unless otherwise specified.
Native cChIP-sequencing For H2AK119ub1 and H3K27me3 native cChIP-seq, 5 3 10^7 mouse ESCs (both untreated and following 72 hours OHT treatment) were mixed with 2 3 10^7 Drosophila SG4 cells in PBS. Mixed cells were pelleted and nuclei were released by resuspending in ice cold lysis buffer (10mM Tris-HCl pH 8.0, 10 mM NaCl, 3 mM MgCl 2 , 0.1% NP40, 5 mM N-ethylmaleimide). Nuclei were then washed, and resuspended in 1 mL of MNase digestion buffer (10 mM Tris-HCl pH 8.0, 10 mM NaCl, 3 mM MgCl 2 , 0.1% NP40, 0.25M sucrose, 3mM CaCl 2 , 10 mM N-ethylmaleimide, 1x protease inhibitor cocktail (Roche)). Each sample was incubated with 200 units of MNase (Fermentas) at 37 C for 5 min, followed by the addition of 4 mM EDTA to halt MNase digestion. Following centrifugation at 1500 g for 5 min at 4 C, the supernatant (S1) was retained. The remaining pellet was incubated with 300 ml of nucleosome release buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 0.2 mM EDTA, 1x protease inhibitor cocktail (Roche), 10 mM N-ethylmaleimide) at 4 C for 1 h, passed five times through a 27G needle using a 1 mL syringe, and spun at 1500 g for 5 min at 4 C. The second supernatant (S2) was collected and combined with corresponding S1 sample from above. A small amount of S1/S2 DNA was purified and visualized on a 1.5% agarose gel to confirm digestion to mostly mono-nucleosomes.
For ChIP experiments, S1/S2 nucleosomes were diluted 10-fold in native ChIP incubation buffer (70 mM NaCl, 10 mM Tris pH 7.5, 2 mM MgCl2, 2 mM EDTA, 0.1% Triton, 1x protease inhibitor cocktail (Roche), 10 mM N-ethylmaleimide (NEM)), and 1 mL aliquots were made. Each ChIP reaction was then incubated overnight at 4 C with 5 mL of anti-H2AK119ub1 (Cell Signaling Technology, D27C4) or 5 mL of anti-H3K27me3 (in-house) antibody. Antibody-bound nucleosomes were captured using protein A agarose (Repligen) beads, pre-blocked in native ChIP incubation buffer supplemented with 1 mg/ml BSA and 1 mg/ml yeast tRNA, for 1 hour at 4 C and collected by centrifugation. Immunoprecipitated material was washed four times with Native ChIP wash buffer (20 mM Tris pH 7.5, 2 mM EDTA, 125 mM NaCl, 0.1% Triton X-100) and once with Tris-EDTA buffer (10 mM Tris pH 8, 1 mM EDTA). ChIP DNA was eluted using 100 mL of elution buffer (1% SDS, 0.1 M NaHCO3), and then purified using ChIP DNA Clean and Concentrator Kit (Zymo Research). For each individual ChIP sample, DNA from a matched Input control (corresponding to 10% of original ChIP reaction) was also purified.
Native cChIP-seq library preparation and sequencing was performed as described above for cChIP-seq. For allele-specific analysis of H2AK119ub1 ChIP-seq in the Mus domesticus (129S1) x Mus castaneus F1 hybrid ESC line with inducible Xist transgene, native cChIP-seq libraries were sequenced as 80 bp paired-end reads on Illumina NextSeq 500 platform to increase the number of reads overlapping allele-specific SNPs.
Calibrated nuclear RNA-sequencing (cnRNA-seq) For preparation of RNA for cnRNA-seq, 1 3 10^7 mouse ESCs (both untreated and following 72 hours OHT treatment) were mixed with 4 3 10^6 Drosophila SG4 cells in PBS. Nuclei were isolated in 1 mL HS Lysis buffer (50 mM KCl, 10 mM MgSO 4 .7H 2 0, 5 mM HEPES, 0.05% NP40 (IGEPAL CA630)), 1 mM PMSF, 3 mM DTT) for 1 min at room temperature. They were then recovered by centrifugation at 1000 3 g for 5 min at 4 C, followed by a total of three washes with ice-cold RSB buffer (10 mM NaCl, 10 mM Tris (pH 8.0), 3 mM MgCl 2 ). Nuclei integrity was assessed using 0.4% Trypan Blue staining (ThermoScientific). Next, nuclei were resuspended in 1 mL of TRIzol reagent (ThermoScientific) and RNA was extracted according to the manufacturer's protocol, followed by treatment with the TURBO DNA-free Kit (ThermoScientific). Quality of RNA was assessed using 2100 Bioanalyzer RNA 6000 Pico kit (Agilent). Next, RNA samples were depleted of rRNA using the NEBNext rRNA Depletion kit (NEB). RNA-seq libraries were prepared using the NEBNext Ultra Directional RNA Library Prep kit (NEB) and libraries were sequenced as 80 bp paired-end reads on the Illumina NextSeq 500 platform in biological triplicate.
To quantitate the consistency of spike-in cell mixing for each individual sample, a small aliquot of nuclei was used to isolate genomic DNA using phenol-chloroform extraction. This was followed by sonication of DNA for 13-15 min using a BioRuptor Pico sonicator (Diagenode), shearing genomic DNA to an average size of less than 1 kb. Libraries from sonicated genomic DNA were constructed as described above for cChIP-seq and sequenced as 80 bp paired-end reads on the Illumina NextSeq 500 platform.
Preparation of nuclear and histone extracts and immunoblotting
For nuclear extraction, ESCs were washed with PBS and then resuspended in 10 volumes of Buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF and protease inhibitor cocktail (Roche)). After 10 min incubation on ice, cells were recovered by centrifugation at 1500 g for 5 min and resuspended in 3 volumes of Buffer A supplemented with 0.1% NP-40. The released nuclei were pelleted by centrifugation at 1500 g for 5 min, followed by resuspension in 1 volume of Buffer C (5 mM HEPES (pH 7.9), 26% glycerol, 1.5 mM MgCl 2, 0.2 mM EDTA, protease inhibitor cocktail (Roche) and 0.5mM DTT) supplemented with 400 mM NaCl. The extraction was allowed to proceed on ice for 1 hour with occasional agitation, then the nuclei were pelleted by centrifugation at 16,000 g for 20 min at 4 C. The supernatant was taken as the nuclear extract. For histone extraction, ESCs were washed with RSB supplemented with 20 mM NEM, incubated on ice for 10 min in RSB with 0.5% NP-40 and 20 mM NEM, pelleted by centrifugation at 800 g for 5 min and incubated in 2.5 mM MgCl2, 0.4 M HCl and 20 mM NEM on ice for 30 min. After that, cells were pelleted by centrifugation at 16,000 g at 4 C for 20 min, the supernatant recovered and precipitated on ice with 25% TCA for 30 min, followed by centrifugation at 16,000 g for 15 min at 4 C to recover histones. Following two acetone washes, the histones were resuspended in 150 mL 1xSDS loading buffer and boiled at 95 C for 5 min. Finally, any insoluble precipitate was pelleted by centrifugation at 16,000 g for 15 min at 4 C and the soluble fraction retained as the histone extract. Histone concentrations across samples were compared by Coomassie Blue staining following SDS-PAGE. Semiquantitative western blot analysis of histone extracts was performed using LI-COR IRDyeÒ secondary antibodies and imaging was done using the LI-COR Odyssey Fc system. To measure the changes in bulk H2AK119ub1 levels, the relative signal of H2AK119ub1 to H3 or H4 histones was quantified.
Co-immunoprecipitation
For co-immunoprecipitation reactions, 400 mg of nuclear extract from Pcgf4
fl/fl ESCs (before and after OHT treatment) was added to BC150 buffer (150 mM KCl, 10% glycerol, 50 mM HEPES (pH 7.9), 0.5 mM EDTA, 0.5 mM DTT) with 1x protease inhibitor cocktail (Roche) to a total volume of 550 ml. A 50 mL Input sample was retained, and 5 mg of mouse monoclonal anti-RING1B antibody (Atsuta et al., 2001 ) was added to the remaining 500 mL of sample. Immunoprecipitation reactions were then incubated overnight at 4 C. Immunoprecipitated material was collected with Protein A agarose beads and washed four times in 1 mL of BC150 buffer. Following the final wash step, beads were directly resuspended in 100 mL of 1x SDS loading buffer (2% SDS, 0.1 M Tris pH 6.8, 0.1 M DTT, 10% glycerol, 0.1% bromophenol blue) and placed at 95 C for 5 mins. 1x SDS loading buffer was similarly added to Input samples which were also incubated at 95 C for 5 mins, prior to SDS-PAGE and western blot analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS
Massively parallel sequencing, data processing and normalization For calibrated ChIP-seq, paired-end reads were aligned to the genome sequence of concatenated mouse and spike-in genomes (mm10+dm6 for native cChIP-seq and mm10+hg19 for cross-linked cChIP-seq) using Bowtie 2 (Langmead and Salzberg, 2012) with the ''-no-mixed'' and ''-no-discordant'' options specified. Reads that were mapped more than once were discarded, followed chromosome-wide density plots and heatmaps, read coverage in 250 kb bins was calculated with a custom R (v3.4.4) script utilizing packages (GenomicRanges, GenomicAlignments and Rsamtools) that are distributed by Bioconductor (Huber et al., 2015) and visualized using ggplot2. For cChIP-seq, intervals of interest were annotated with spike-in normalized read counts from merged replicates using a custom Perl script utilizing SAMtools (v1.7). For differential enrichment analysis, read counts in the intervals of interest were obtained for individual replicates from original bam files prior to spike-in normalization using a custom-made Perl script. For differential gene expression analysis, the same read count quantitation approach was applied for a custom-built, non-redundant mm10 gene set. Briefly, mm10 refGene genes were filtered to remove very short genes with poor sequence mappability and highly similar transcripts which resulted in the final set of 20,633 genes. The distribution of log2-fold changes and normalized read count values for different genomic intervals was visualized using custom R scripts and ggplot2. For boxplot analysis comparing H2AK119ub1 and RING1B enrichment at PRC1-bound sites and 100 kb genomic windows, read counts were normalized to the genomic region size (in kb) and to the median value of cChIP-seq signal at PRC1-bound sites in untreated cells which was then set to 1. For boxplot analyses comparing normalized cChIP-seq signal across different groups of genomic intervals before and after treatment, log2 read counts were normalized to the median value in untreated cells which was then set to 1 for each cell line individually. Boxes for the boxplots and the center of each violin plot show interquartile range (IQR) and whiskers extend by 1.5xIQR. Correlation analyses were also performed in R using Pearson correlation and visualized with scatterplots colored by density using stat_density2d.
Differential cChIP-seq enrichment and gene expression analysis To identify significant changes in chromatin binding/enrichment or gene expression, a custom-made R script utilizing DESeq2 package was used (Love et al., 2014) . To incorporate spike-in calibration into this analysis, read counts for the spike-in genome at a control set of intervals were supplied to calculate DESeq2 size factors which were then used for DESeq2 normalization of raw mm10 read counts (similarly to the approach described in (Taruttis et al., 2017) ). A set of unique dm6 refGene genes was used for spike-in normalization of cnRNA-seq and native cChIP-seq, while a set of hg19 CpG island regions was obtained from UCSC Table Browser for RING1B and SUZ12 cChIP-seq differential enrichment analysis. Prior to quantitation, spike-in reads were pre-normalized to accurately reflect the actual spike-in ratio derived from a corresponding Input or genomic DNA-seq sample. For a change to be called significant, we applied a threshold of p-adj < 0.05 and fold change > 1.5 for cnRNA-seq and p-adj < 0.05 for cChIP-seq. Log2-fold change values were visualized using R and ggplot2 with MA plots and violin plots. For MA plots, density of the data points across y axis is shown to reflect the general direction of gene expression changes.
Gene annotation
Mouse genes from a custom-build non-redundant set (n = 20,633) were classified into three categories based on the presence of a non-methylated CpG island (NMI) and PRC1+PRC2 binding at their promoters. We defined PcG-occupied genes as genes for which corresponding TSS regions (±2500 bp) overlap with stringent RING1B and SUZ12 peak sets identified in this study. These genes (n = 4868) represent bona fide Polycomb target genes. Furthermore, genes that did not overlap with genomic regions bound by both PRC1 and PRC2 but contain a non-methylated CpG island (NMI) were classified as non-PcG-occupied genes (n = 9898). Finally, genes that did not overlap with a non-methylated CpG island (NMI) are referred to as non-NMI genes (n = 5867). To identify non-methylated CpG islands in the mouse genome, we used an experimental definition derived from BioCAP-seq data using MACS2 peak calling (Long et al., 2013) . To compare gene expression changes across different cell lines to those observed in RING1A/B-deficient cells, we also isolated PRC1 target genes (n = 2071) which were defined as a subset of PcG-occupied genes which showed a statistically significant increase in gene expression following removal of PRC1 in Ring1a ESCs, excluding the PCGF1-and PCGF1/3/5-sensitive sets of genes.
To identify genes that were further reactivated following removal of PCGF2 in combination with PCGF1/3/5 in Pcgf1/3/5/2 fl/fl ESCs, we have performed a differential analysis comparing expression of genes in OHT-treated Pcgf1/3/5 fl/fl and Pcgf1/3/5/2 fl/fl ESCs. This was done using a traditional DESeq2 approach. PRC1-bound sites that retained RING1B following removal of PCGF1/3/5/6 were identified as sites with no significant decrease in RING1B signal by cChIP-seq (sites with p-adj < 0.05 and fold change < 0 were excluded). We then limited our analysis to the sites that overlapped with the promoters (TSS ± 2500 bp) of PRC1 target genes characterized earlier. To identify genes that depend on PCGF6 for normal level of H2AK119ub1 at their promoters, we have overlapped PRC1-bound sites that displayed a significant decrease in H2AK119ub1 following OHT treatment in Pcgf6 fl/fl ESCs with promoters of genes from a custom non-redundant mm10 set. HOMER was used to perform gene ontology (GO) enrichment analysis for genes that showed significant reductions in promoter-associated H2AK119ub1 following PCGF6 removal and genes that retained RING1B at their promoters following removal of PCGF1/3/5/6. For gene expression analysis in Pcgf6 fl/fl ESCs before and after 8 days of OHT treatment, we used FPKM values obtained with cufflinks for refGene genes as reported previously (Endoh et al., 2017) . UpSet plots were generated using the UpSetR package available on CRAN (Lex et al., 2014) .
DATA AND SOFTWARE AVAILABILITY
The high-throughput data reported in this study have been deposited in GEO under the accession number GSE119620. Published data used in this study include BioCAP-seq (GSE43512 (Long et al., 2013) ); RNA-seq gene expression data from Pcgf6 fl/fl ESCs (GSE84480 (Endoh et al., 2017) ); 4sU RNA-seq gene expression data from the Mus domesticus (129S1) x Mus castaneus F1 hybrid ESC line with randomly integrated full-length Xist transgene (GSE103370 ); 4sU RNA-seq gene expression data for mESCs following RA-induced differentiation (GSE98756 (Dimitrova et al., 2018) ); KDM2B ChIP-seq (GSE55698 ); PCGF5 ChIP-seq (GSE107377 (Yao et al., 2018) ); PCGF6, MGA, and L3MBTL2 ChIP-seq (ArrayExpress E-MTAB-6007 (Stielow et al., 2018) . All R and Perl scripts used for data analysis in this study are available upon request.
